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ABSTRACT
Many types of cells crawl on solid surfaces by amoeboid locomotion. Membrane protrusions, such as pseudopods, are generated by outward directed forces and the cell body retracts to
allow the cell to migrate on the surface. The movement can be random, or can be directional in
response to diffusible (chemotaxis) or surface associated signals (haptotaxis). It has been known
for some time that chemotactic signals also lead to an increase in overall cell speed (chemokinesis), however the mechanism of this speed increase is unknown. This project investigates the
cellular signaling pathways involved in the regulation of cell speed by ligands of cell surface receptors in the soil amoeba Dictyostelium discoideum. The mechanisms and pathways that allow
Dictyostelium to polarize and move in response to diffusional gradients of folic acid in vegetative cells and cAMP in developing cells has been extensively investigated. A chemokinesis assay was developed that measures the speed of cells before and after uniform stimulation with folic acid. This assay was used to measure the response of wild-type Ax2 cells, cells treated with
chemical inhibitors, and genetic knockout mutants lacking critical components of the cAMP
chemotactic signaling pathways. Mutants lacking the IP3 receptor for calcium release (iplA) and
phospholipase A2 (pla2) had robust chemokinetic speed increases in response to folic acid stimulation, indicating that the signaling pathways related to changes in cytoplasmic calcium concentration were not required for chemokinesis. PI3K-null and PTEN-null mutants both had a reduced response to folic acid, indicating these gene products may play some role. Plc-null and
Gβ-null cells both had no measurable chemokinetic response, indicating that folic acid chemokinesis is indeed GPCR-dependent, and that PLC activity, though not essential for chemotaxis to
cAMP, is essential for upregulation of speed in cells stimulated with folic acid. The data shows
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that chemokinesis is a distinct process with its own regulatory framework. Further work will allow us to define how the speed of cell movement is controlled.
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INTRODUCTION
Many cells, such as bacteria, soil amoeba, and even immune cells in the human body, are
motile. An amoeba, or amoeboid cell relies primarily on what is referred to as amoeboid movement—extensions of the cell membrane called pseudopods and correlated manipulation of the
actin cytoskeleton—to move itself across a surface. The soil amoeba Dictyostelium discoideum
provide a good model for this amoeboid movement, the study of which allows us to gain insight
into cell motility in general. Most cells that are motile also have the ability to chemotax. The
term “chemotaxis” is derived from the roots ‘chemo’ meaning chemical, and ‘taxis,’ the Greek
root meaning orientation, or arrangement. Chemotaxis is defined as directional and persistent
movement of a cell or an organism in response to a gradient of a diffusible chemical. A chemical that can induce cell movement is a chemoattractant or chemokine. To move directionally and
persistently up a chemical gradient, a cell must have a method of detecting, then orientating its
movement mechanisms towards the chemical stimulus. Through what are likely complex combinations of receptors, and intracellular signaling and regulatory pathways, cells can create localized responses that establish intracellular polarity, and thus interact with their chemical environment (Nichols et al., 2015; Li et al., 2020). Chemokinesis, by contrast, refers to increased chemically-prompted cellular movement. This phenomenon is less commonly studied, and therefore
more poorly understood than chemotaxis, though similar signaling pathways regulating cell

movement are known to be activated upon uniform stimulation as are activated when cells are
stimulated by a gradient.
There are two main types of protrusions observed in amoeboid cell movement: pseudopods, and blebs. In the formation of pseudopods, cells polymerize F-actin filaments to create
protrusions of the plasma membrane and translocate the cell body (Nichols et al., 2015). On
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smooth surfaces, in buffer, pseudopod movement is the primary method of movement for Dictyostelium, and many other cell types. Blebs, another type of amoeboid movement protrusion, are
smooth, fast-forming, fluid pressure-driven outward protrusions of the plasma membrane. The
membrane detaches from the underlying F-actin cortex, which depolymerizes and then reforms
at the protruding membrane (Tyson et al., 2014). This process has been shown to occur with little significant changes in plasma membrane surface area, indicating a redistribution of the existing membrane, rather than the addition of membrane at the site of the bleb through fusion with
internal vesicles. Blebbing is dependent on the presence of myosin-II which mediates intracellular pressure by contraction of the cell cortex, slackening the membrane and increasing blebbing
(Langridge & Kay, 2006). In conditions with higher mechanical resistance, such as under an
agarose gel, and when stimulated by cAMP such as during development, cells will switch from
primarily pseudopod-based locomotion to a predominantly bleb-driven movement (Nichols et al.,
2015; Langridge & Kay, 2006). Blebs and F-actin driven pseudopods in D. discoideum are both
observed to be oriented to the leading edge of moving cells, though blebs are bimodal, forming
slightly to either side of the leading edge of the cell, and pseudopods are unimodally distributed,
forming in the center of the leading edge oriented towards the true positive direction of the gradient (Zatulovskiy et al., 2014). It is still unknown if or how stimulation by a chemoattractant
changes the mode of cellular movement.

Chemotaxis allows cells to perform a wide variety of tasks and functions. In natural soil
environments, free-living D. discoideum amoeboid cells detect and orient their movement towards bacteria, their food source, via chemotaxis and chemokinesis in response to folic acid that
bacteria secrete (de Wit & Konijn, 1983). Growth-phase, vegetative, Dictyostelium cells are
able to detect folic acid via receptors in their plasma membrane that initiate signal transduction,
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and chemotax up the chemical gradient to move in the direction of the folic acid source (Pan et
al., 2016; Bernstein et al., 1981). The amoeba phagocytose the bacteria and break them down to
provide nutrients for growth (Pan et al., 2016). When individual Dictyostelium cells are deprived of the bacterial food source, they produce and secrete cAMP in periodic waves (McCann
et al., 2010). The waves of cAMP cause cells to aggregate into multi-cellular organisms that
form fruiting bodies; individual cells differentiating into stalk cells and spores. This process is
called development. Spores germinate when the environment is once again favorable and an
amoeba emerges from the spore case to begin growing as individual cells again (Bernstein et al.,
1981; Kakebeeke et al., 1980). cAMP signaling during aggregation is partially regulated by the
degradation of cAMP by extracellular phosphodiesterases that prevent receptor saturation, and
signal-transduction of cAMP-activated G protein-coupled receptors (GPCR) (McCann et al.,
2010). Vegetative cells have no cAMP receptors, only folic acid receptors. Development induces the upregulation of cAMP receptors and increased sensitivity (Wurster et al., 1981).

This project focuses on the behavioral reactions of growth-phase Dictyostelium to folic
acid, so it is important to consider the structure of folic acid, folic acid receptors, related enzymes, and possible folic acid-mediated intracellular signaling pathways. It should also be noted
that understanding of the cAMP signaling pathway may also provide insight into the Dictyostelium response to chemoattractants via G protein-coupled receptors. Folic acid is a light-sensitive, water-soluble organic compound (Figure 1). It is a vitamin of the B complex and is an essential nutrient for Dictyostelium growth (Watts & Guest, 1975). The chemotactically active region of folic acid is thought to be the pterin ring subgroup
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Figure 1: Folic Acid Structure (Wurster & Butz, 1983)
which is likely the specific chemical domain recognized by folic acid receptors and is thus partially responsible for receptor specificity (Pan & Wurster, 1978; de Wit et al., 1985). Pterins are
also a type of chemoattractant for Dictyostelium (Wurster et al., 1981). Though there is evidence
that folic acid receptors are specific to folic acid and do not bind pterins, deamination of the
pterin ring abolishes receptor binding of folic acid (Wurster et al., 1981; Pan & Wurster, 1978).
Folic acid and cAMP-induced signaling are both mediated by seven-transmembrane guanine nucleotide-binding protein (G protein)-coupled receptors (GPCRs) (Pan et al., 2016). GPCRs have
extracellular binding domains for ligands, and binding triggers a conformational change in the
intracellular domain of the receptor, inducing a conformational change in intracellular G protein
subunits that include Gα, Gβ, and/or Gγ. The Dictyostelium genome has one Gβ subunit and one
Gγ subunit, both known to be essential for chemotaxis to cAMP and folic acid (Kataria et al.,
2013). Released/activated G protein subunits from the receptor are responsible for a host of signal transduction pathway responses via transient changes inside the cell that mediate cell behavior (Parent & Devreotes, 1999).

There are two known, parallel signaling pathways that simulate chemotactic responses
via cAMP GPCR activation in Dictyostelium: the PI3K pathway, and the PLA2 pathway (van
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Haastert et al., 2007). Both pathways are initiated by chemoattractant binding to the GPC receptor.

Figure 2: GPCR Chemotaxis Signaling Pathways
In cAMP signaling, activation of the GPCR, cAR1, induces a transient localization of protein kinase B (PKB) and cytosolic regulator of adenylyl cyclase (CRAC), both pleckstrin homology
(PH) domain-containing proteins, to the inner face of the plasma membrane (Parent &
Devreotes, 1999). G protein subunits Gβ and Gγ are necessary for receptor-mediated formation
of sites where PH domain-containing protein associate with the membrane (Parent & Devreotes,
1999). Production of phosphatidylinositol (3,4,5)-trisphosphate, (abbreviated PIP3), is another
downstream effect of GPCR activation. PIP3 is a phospholipid signaling molecule formed when
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PIP2 embedded in the plasma membrane is phosphorylated by a class of proteins called phosphoinositide 3-kinases (PI3K). PHCRAC binds to PIP3, and thus becomes concentrated along with
PIP3 at the leading edge (Sasaki et al., 2007). PI3Ks are activated by binding to Gβγ subunits
and Ras, a small GTPase protein, both of which are activated by binding of cAMP or folic acid
to its cognate GPCR (Sasaki et al., 2007). PI3K is thought to be essential to directional movement and chemotaxis because chemical PI3K inhibitor LY294002 has been shown to inhibit
chemotaxis to cAMP (van Haastert et al., 2007). LY is most effective at lower concentrations of
cAMP (between 1-100 nM of cAMP) and most effective at over 100uM of inhibitor for reduction in chemotaxis to 50 nM cAMP (van Haastert et al., 2007).

Phosphatase and tensin homologue (PTEN) is an enzyme that catalyzes the reverse reaction, and cleaves a phosphate group from PIP3 converting active PIP3 to inactive PIP2. When the
concentration of PIP2 is high in the plasma membrane, PTEN is localized to that section of membrane (van Haastert et al., 2007). The membrane-associated enzyme phospholipase C (PLC) is
involved in control of the PI3K/PTEN pathway. PLC acts primarily on PIP2, producing cytosolic inositol 1,4,5-trisphosphate (IP3) while leaving diacylglycerol (DAG) in the membrane
(Lee & Rhee, 1995). These two products are known second messengers. DAG stays embedded
in the membrane and primarily functions to activate protein kinase C (PKC) (McMains et al.,
2008). IP3 is released into the cytosol and binds to receptors encoded by the iplA gene on endoplasmic reticulum that stimulates calcium release from ER stores elevating cytosolic Ca2+ levels
(Schaloske et al., 2005; Lee & Rhee, 1995). When PLC degrades PIP2 in the plasma membrane,
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PTEN which is dependent on PIP2 for binding also dissociates from that region, and PIP3 is able
to accumulate because the phosphatase activity is decreased in that area (van Haastert et al.,
2007). In plc-null cells, PIP2 accumulates in the membrane along with PTEN, and so PIP3 levels
are decreased because of higher PTEN activity (McMains et al., 2008; Drayer et al., 1994; van
Haastert et al., 2007).

GPCRs are uniformly distributed throughout the plasma membrane whether a cell is in a
vegetative state or a chemotactic state (Parent & Devreotes, 1999). This means that all areas of
the cell membrane have chemotactic potential, but activation is localized, which will become important in the discussion of uniform chemoattractant stimulation (Parent & Devreotes, 1999).
The biphasic response of GPCR binding to ligand—activation of PI3K and increase of membrane PIP3—is associated with regulation and polymerization of F-actin projection and formation of pseudopodia (Sasaki et al., 2007; Chen et al., 2003). F-actin filaments are polymerized from G-actin subunits, a dynamic reaction catalyzed by accessory proteins including profilin, coronin, SCAR/WAVE-activated ARP2/3 complex and other actin nucleators such as
formins (Gandhi & Goode, 2008; Álvarez-González et al., 2014). Coronin, like PH-domain proteins and PI3K, responds biphasically to GPCR stimulation, first localizing to the membrane
generally, then at patches near concentrated PIP3 and newly formed pseudopods (Chen et al.,
2003). This, along with coronin’s known role in dynamic actin assembly and disassembly, indicates that the biphasic response to GPCR signaling is essential for localization of actin polymerization (Gandhi & Goode, 2008).
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Blebbing is dependent on contraction of cortical actin and myosin II (Sugiyama et al.,
2015). This process has been found to be inversely related to actin polymerization, with a significant increase in bleb formation in cells with a partially inactivated ARP2/3 complex (Langridge
& Kay, 2006). Bleb formation is fully dependent on contractions involving myosin II, as myosin
II-null cells cannot bleb (Langridge & Kay, 2006). In several ways, blebbing is an opposing process to pseudopod formation: Pseudopods are dependent on F-actin recruited to areas of increased PIP3 levels, but F-actin is not present at the leading edge of blebs (Langridge & Kay,
2006). There is also evidence for microtubule involvement in PI3K/PTEN regulation of pseudopod and bleb formation. Microtubule connections to the membrane are associated with increased
PI3K activity, increased PIP3 concentration, polymerization of actin, and extension of pseudopodia. Though PI3K is strongly associated with pseudopod formation, PI3K-null mutants extend
blebs more frequently than wild-type cells, consistent with the belief that pseudopods and
blebbing are very different modes of cellular locomotion (Sugiyama et al., 2015). Where microtubules detach from the cell cortex, PI3K activity is lowered, PTEN activity is upregulated, PIP3
levels decrease in favor of PIP2, and F-actin depolymerizes inhibiting pseudopod formation
(Sugiyama et al., 2015). Concentrated PIP2 in the membrane recruits myosin II, which generates
internal pressure inside the cell. Blebs occur in places where the actin cortex is weakest, and the
membrane extends outward (Sugiyama et al., 2015).

Inhibition of just the PI3K/PTEN pathway only has moderate inhibitory effects on chemotaxis in starved Dictyostelium, indicating that there is a second, parallel pathway driving chemotaxis (van Haastert et al., 2007; Chen et al., 2007; Veltman et al., 2008). The second pathway is
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mediated by phospholipase A2 (PLA2), a phospholipase enzyme that cleaves phospholipids into
second messenger fatty acids (Rericha & Parent, 2008; Chen et al., 2007). Though the activation
mechanism of PLA2 is still largely unknown, it is observed that activation of the PLA2 pathway
requires a rise in cytosolic Ca2+ (van Haastert et al., 2007). Cytosolic Ca2+ can increase by Ca2+
uptake from outside of the cell, likely partially regulated by G-proteins, or by release from intracellular stores (van Haastert et al., 2007). In Dictyostelium, both IP3, the product of PLC activity, and fatty acids produced by PLA2 activity, increase cytosolic Ca2+ levels (van Haastert et al.,
2007). IP3 serves as a Ca2+-related second messenger by binding to IP3 receptors on the endoplasmic reticulum causing release of calcium into the cytosol. Free fatty acids produced by
PLA2 also cause calcium release from acidosomes, acidic stores within the cell (van Haastert et
al., 2007). PLA2 activity and downstream calcium influx is thought to signal primarily to the cytoskeleton and regulate persistence, while downstream signaling of the PI3K pathway is thought
to be more heavily involved in establishing orientation and directionality because PI3K-null cells
show high persistence to cAMP, meaning the distance covered during the time between formation of each new pseudopod is high, but each new pseudopod has a lower degree of orientation towards the cAMP gradient (Bosgraaf & Van Haastert, 2009). Pla2-null cells have the opposite phenotype, with low persistence, but high directionality (Bosgraaf & Van Haastert, 2009).
Inhibition of PLC or Ca2+ signaling has little direct effect on chemotaxis, but inhibition of PLC
causes chemotaxis to be completely regulated by the PLA2 pathway, and inhibition of Ca2+ signaling causes dependence on the PI3K/PTEN pathway (van Haastert et al., 2007). This indicates
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that PLC and Ca2+ signaling are not direct mediators of chemotaxis, but they do regulate the parallel pathways PI3K/PTEN, and PLA2 respectively. Only when both pathways are inhibited is
chemotaxis activity fully lost (van Haastert et al., 2007).

In folic acid signaling and signal transduction, of the twelve known Dictyostelium G
subunits, G4 is essential for chemotaxis towards folic acid. Gα4-null cells are responsive to
cAMP and are able to aggregate but are unable to respond to folic acid (Hadwiger et al., 1994;
Kataria et al., 2013; Pan et al., 2016). Folic acid binding activates the GPCR catalyzing the exchange of guanosine diphosphate (GDP) to guanosine triphosphate (GTP) on the G subunit,
which causes G and Gβγ to dissociate from the receptor and from each other (Cheng & Othmer,
2016). Activated G remains membrane-bound, while Gβγ cycles between the membrane and
the cytosol (Cheng & Othmer, 2016). This activation results in similar downstream signaling
events similar to cAMP signal transduction, including phosphorylation of MAP kinase ERK2,
Ras activation of PI3K, PIP3 production, actin polymerization, and association of actin with the
plasma membrane (Pan et al., 2016; Cheng & Othmer, 2016). There are two seven-transmembrane GPCRs identified in Dictyostelium that are believed to be specific to folic acid: fAR1 and
fAR2. The roles of each in folic acid-induced signaling were tested using far1-null and far2-null
mutant strains which lack functional versions of the receptors (Pan et al., 2016). Far1-null mutants that lack the receptor are unable to efficiently chemotax towards folic acid. They demonstrate significantly reduced movement measured by cell speed and track length, and reduced directionality (Pan et al., 2016). Additionally, only in the far1-null mutant was phosphorylation of
ERK2 absent, indicating that fAR1, not fAR2, is the essential receptor for chemotaxis towards
folic acid (Pan et al., 2016). Far2-null mutants appear normal when grown on bacterial lawns,
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compared to far1-null mutants that form small plaques, likely due to their inability to have a
chemotactic response to folic acid (Pan et al., 2016). Folic acid stimulation of fAR1 receptors,
similarly to cAMP stimulation of cAR receptors, is known to induce a localized PIP3 response,
actin polymerization, and chemotaxis towards the stimulus (Pan et al., 2016). FAR1 is also essential for the formation of actin-driven phagocytic cups, the function of which is engulfment
and ingestion of bacteria (Pan et al., 2016).
Chemotaxis is best understood along with the properties and behaviors of chemical gradients. It is believed that cells determine which direction to extend pseudopods based on localized
responses to receptor activation. Differences in receptor occupancy between the front and rear of
the cell are critical for this type of spatial signaling, and necessary for polarized internal responses, directional sensing, and the formation of pseudopods in the direction of the chemical
stimulus. A chemical gradient is most effective at producing the necessary difference in
front/rear receptor occupancy when the concentration of the chemical is near the dissociation
constant (Kd) for that receptor (Lauffenburger & Zigmond, 1981). A dissociation constant is a
measure of the tightness of binding of two molecules to each other. The Kd is the concentration
of the ligand at which 50% of the receptor is bound to ligand. If the ligand concentration is
much higher than the Kd of the receptor, the majority of the cell surface receptors at any given
time would be bound, so any difference in concentration between the front and back of the cell
cannot be detected. Localization of signaling and orientation of the cell are not possible under
this condition, because if all or nearly all GPCR chemoattractant receptors are bound, then
PHCRAC and PIP3 would localize to the entire membrane and no leading edge would be established (Lauffenburger & Zigmond, 1981; Postma et al., 2003). If the ligand concentration is
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much lower than the Kd of the receptor, then there will not be enough bound receptors for the
cell to detect a gradient. The most optimal ligand concentration therefore is closest to the Kd
where small differences in bound receptor between the front and back of the cell can be detected,
and the cell can orient accordingly (Lauffenburger & Zigmond, 1981). Under conditions where
it is known that cells can read gradients correctly, calculations show that there would be only a

1% difference in receptor occupancy between front and rear of the cell (Lauffenburger & Zigmond, 1981). Despite this small of a difference, it is in this condition that the concentration of
chemoattractant is high enough in the front of the cell to stimulate a localized GPCR response,
recruitment of PHCRAC and PIP3 to the membrane, and polymerization of actin and formation of
pseudopods in that area of the cell. Concentration is also low enough at the rear of the cell where
far fewer receptors are bound, so no GPCR response is occurring, no patches or pseudopods are
forming, membrane concentrations of PIP2 and PTEN are higher, and the cell is properly internally polarized for detection of, and movement up the gradient. It is a remarkable biochemical
phenomenon, and essentially a lingering mystery that a cell can have such a polarized response
to a 1% difference in receptor binding.
The above discussion assumes that for optimal gradient sensing, chemical gradients remain constant over space and time, but that is not the case in biological environments where
chemotaxis occurs. When a chemoattractant source is producing a diffusible chemoattractant,
both the actual chemoattractant concentration and the gradient shape are constantly changing
(Lauffenburger & Zigmond, 1981). There are many other factors that can change over time,
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such as initial concentration, rate, and location of chemoattractant production, as well as cell position relative to the source as it moves in response to the gradient, that can change what local
gradient a cell is experiencing at any given time (Lauffenburger & Zigmond, 1981).
The relationship between cells and chemoattractant gradients is not one-sided. The properties and behaviors of gradients are complex to assess, so as the driving factor behind a process
as critical to cell functioning and behavior as chemotaxis, it is no surprise that cells have developed the ability to interact and modify their chemical environment. This can be done at the receptor level with regulated sensing, the response level with regulated signal transduction, or by
extracellular degradation of the chemoattractant and manipulation of the gradient. As previously
mentioned, Dictyostelium cells produce an enzyme called folic acid deaminase that inactivates
folic acid by cleaving the amine group by hydrolysis (Figure 3).

Figure 3: Folic acid Deamination Reaction
Folic acid deaminase has been detected both in secreted form in extracellular media, and in
plasma membrane-bound form (de Wit et al., 1985, #41974). Theories regarding the biological

function of this enzyme suggest that a decrease in the background concentration of folic acid in
the environment would allow cells to detect and respond to bacterial folic acid secretions more
efficiently (Bernstein et al., 1981). Additionally, inactivation of folic acid allows concentrated
populations of cells to locally steepen the folic acid gradient (Pan & Wurster, 1978). Cellular
manipulation of the gradient makes a stable gradient environment even more difficult to create
experimentally because chemoattractant is being constantly degraded, thus changing the gradient
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shape and steepness, but it also has important effects on Dictyostelium’s chemotactic behavior
and the system as a whole. By creating a local area of lower chemoattractant concentration
where the cell concentration is high, cells create a steep local gradient that they can respond to
chemotactically, known as a self-generated gradient (Tweedy et al., 2016). It has been observed
that cell populations migrate up self-generated gradients with a dense leading wave followed by
a lower density segment of the population. This is primarily observed in situations where a concentrated group of cells degrade folic acid and create a gradient of chemoattractant in their environment (Tweedy et al., 2016). The density and shape of the leading wave is defined primarily
by cells’ access to chemoattractant. Cells that migrate in front of the wave will not be able to degrade chemoattractant efficiently enough to maintain the strong chemotactic response. Cells behind the leading wave are not exposed to a gradient at all, due to degradation of folic acid by
leading cells, so they move randomly (Tweedy et al., 2016). Self-generated gradients are different than externally imposed gradients in several ways. Cells are able to shape even a shallow
gradient into a steeper gradient by local degradation. They are also able to create detectable gradients from very high, even receptor-saturating chemoattractant concentrations due to longer periods of continuous degradation (Tweedy et al., 2016).
It is known that chemoattractant gradients, whether pre-established or self-generated are
required for Dictyostelium chemotaxis. Chemokinesis, a cellular response characterized by an

increase in speed due to stimulation by chemoattractant, is less understood. Chemokinesis in
Dictyostelium is primarily characterized by an increase in cell speed due to uniform, and nonuniform, stimulation by chemoattractant. From studies that assess the cell response to uniform
stimulation as part of a broader investigation into Dictyostelium response to chemoattractant,
there are several observations. Activation of GPC receptors by even uniform concentrations of
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cAMP first rapidly recruits PIP3 and PHCRAC to the entire plasma membrane (Parent &
Devreotes, 1999; Postma et al., 2003). A secondary transient translocation phase (~30-40 seconds after stimulation with chemoattractant) occurs where PIP3 and PHCRAC are recruited to
distinct sections of the membrane in smaller patches ~9 µm in diameter. The sections of membrane that contain these localized patches are highly associated with pseudopod formation, indi-

cating that localized recruitment of these molecules are spatial cues for formation of pseudopodia, and thus of movement (Postma et al., 2003). Cells stimulated with a cAMP gradient only
develop one PIP3 and PHCRAC patch of similar size along the leading edge, and chemotax in the
direction of the chemoattractant (Postma et al., 2003). Not much is known about how the cell
responds to the initial arrival of the chemical gradient, though it is likely that the response is similarly localized. In uniform concentrations of cAMP, patches occur in multiple places across the
plasma membrane, so the cell is unable to establish a leading edge because there is no detectable
receptor occupancy difference (Postma et al., 2003).
Similar to the results with cAMP, upon stimulation of vegetative cells with uniform concentrations of folic acid, Ras and PI3K are activated, and PIP3 levels in the plasma membrane
increase (Srinivasan et al., 2013). Cytoskeleton proteins cortexillin-1 and myosin II delocalize
from the membrane and concentrate in the cytosol with PTEN (Srinivasan et al., 2013). These
responses to folic acid are similar to the response after cAMP stimulation. Moreover, the same
elements that are recruited to the membrane in uniform folic acid stimulation are those localized
to the front edge of vegetative cells chemotaxing in a folic acid gradient, while PIP2, PTEN, cortexillin-1, and myosin II are concentrated at the rear of the cell, downgradient from the folic acid
source (Srinivasan et al., 2013).
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To understand how the presence of folic acid changes Dictyostelium cell behavior in a
way that causes cell speed to increase, known factors that affect cell speed must be evaluated.
Not much is known about mechanisms controlling cell migration speed. There is evidence that
the movement and speed of vegetative cells is partially regulated by a secreted quorum sensing
factor (QSF) that allows cells to detect cell density of their environment (Golé et al., 2011). Additionally, it is known that vegetative cells move faster at lower densities, and starved cells move
faster than vegetative cells (Golé et al., 2011). Little else is known regarding the mechanisms
and regulation of cellular speed. Investigation into this cellular function is a large focus of this
project.
Though the signaling pathways and mechanisms of chemotaxis have been well studied
and investigated, the mechanism of chemokinetic speed increase is still largely unknown. How
and why vegetative Dictyostelium cells increase speed in response to stimulation with folic acid
are the main questions of this project. To begin the process of assessing which mechanisms and
signaling components are essential for the speed increase, known critical signaling molecules for
both cellular movement and chemotactic responses were identified. Based on literature review,
PI3K, PTEN, IP3 receptor (IplA gene), PLA2 (plaA gene), PLC, and Gβ were all identified as
critical components of GPCR signaling-mediated chemotaxis, and therefore potentially critical
components of cell speed upregulation in response to folic acid. By selectively inhibiting each of
these signaling molecules via genetic knockout mutants and/or chemical inhibition and measuring chemokinetic response, it will be possible to begin identifying which are essential for speed
increase. This will be beneficial to an increased understanding of Dictyostelium chemokinetic
behavior.
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METHODS AND MATERIALS
Materials Cell lines: The following mutant strains were ordered through the dictyBase Stock Center (Fey et
al. 2006): PI3K1-5-null (HM1200), PTEN-null (HM1289), iplA-null (HM1038), pla2-null
(DBS0306196), plc-null (HAD263), and Gβ-null (LW6) (Fey et al. 2006).

Chemicals and Media: Chemicals were purchased from Sigma Chemical unless otherwise stated.
All cell strains were grown in HL5 medium (glucose, yeast extract, proteose peptone, thiotone E
peptone, MES, dihydrostreptomycin-sulfate) (Fey et al. 2006). FM defined media lacking folic
acid (FM-folate) was made as described except the vitamin stock was made without folic acid.
(Fey et al. 2006). Folic acid was dissolved in 0.1 M NaOH at 50 mM and stored in the dark at
4°C. LY294002 32.5 mM stock solution was dissolved in DMSO. Stock solutions and component vitamins are stored in the -20 freezer.

Methods Chemokinesis Assay: The chemokinetic response of D. discoideum cells to folic acid was quantified using a folic acid subtraction/re-addition assay. D. discoideum axenic strain Ax2 was used
as the wild-type control in all experiments. Growing cells were harvested from Petri dishes and
concentrated by centrifugation at 500 x g for 5 minutes in 15 ml centrifuge tubes, and resuspended in FM-folate medium to wash out any folic acid from the growth media. The cells were
centrifuged again and resuspended to a final density of 4 x 104 cells/mL in FM-folate medium.
4mL of each cell line was added to a 60 mm Petri dish, and cells allowed to settle and attach for
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~30 minutes. The inhibitor assay was set up in the same way, except that 50 µM LY294002 was
also present during the preincubation (van Haastert et al., 2007).

Imaging: Each plate was then imaged using phase-contrast light microscopy with a 10x objective, and images collected every minute for 10 hours. After ~4 hours (~200-300 frames), the lid
was removed and 1mL FM-folate containing 125 µM folic acid was pipetted into each plate to
bring the final folic acid concentration to 25 µM. 25 µM folic acid is a saturating dose, since the
Kd of the folic acid receptor is 20 nM (2e-8 M) (Nandini-Kishore & Frazier, 1981). After folic
acid addition, lids were put back in place, and imaging was allowed to proceed to completion
(600 images).

Image analysis: Each image sequence was imported into ImageJ and adjusted to maximal contrast (Schindelin et al., 2012). Cells were then tracked using the “Track Maxima” automatic cell
tracking plugin (Figure 4) (kindly supplied by Dr. Luke Tweedy at the Beatson Institute for Cancer Research, Glasgow Scotland). This plugin automatically finds the centroid of each cell and
measures the position of the centroid of the cell over time.
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Figure 4: Track Maxima Plugin Information and Tracker Window Parameters
The full track table of cell positions was then exported to an Excel spreadsheet with custom Macros (kindly provided by Dr. Douwe Veltman) where average cell speed and direction was calculated for each frame. The average frame to frame speed of the cells tracked at that time point
was plotted over time (in frames, with one-minute intervals between frames). Average speeds
before and after folic acid addition were calculated from the average speeds of 60 frames (60
minutes) before the folic acid was added, and the average speeds of 60 frames post-folic acid addition after the average speed had plateaued. Speed differential was calculated by subtracting the
pre-folic acid average speed from the post-folic acid average speed. It is important to note that in
this assay, there is often a spike in average speed that occurs as an artifact of cell disturbance due
to the addition of the folic acid solution. The speed data for the folic acid addition frame is not
included in the calculation of average speed used for analysis.
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RESULTS
The signaling pathways that affect the chemotactic response of Dictyostelium to cAMP
has been extensively studied. Gene knockout mutants and specific chemical inhibitors have been
used to define the role of a number of genes in the response of Dictyostelium cells to cAMP gradients. Less well studied is the effect of these alterations on the chemotactic response of Dictyostelium to folic acid. Missing from these studies is the distinction between chemotactic response (directional movement) and chemokinetic response (increased cell speed) to chemokines.
Some studies only focused on direction, some note speed changes, a few examine folic acid
chemotaxis, but none directly address the regulation of cell speed in response to folic acid.
In order to examine chemokinesis independently of chemotaxis, a new assay was developed to measure the speed of cell movement in response to folic acid. Cells are normally grown
in media (HL5) that contains a low concentration of folic acid (about 0.3 µM), since it is a required nutrient. In the absence of folic acid, cells grow slowly for several days. In order to remove any residual folic acid, the cells were washed free of HL5 and plated at low density in FM
defined media prepared with no folic acid (FM-folate). Time lapse imaging of the cells shows
that over several hours, their speed slowly decreases (Figure 5). This may be because they have
been removed from the low concentration of folic acid in the HL5 medium. Folic acid was then
added to provide a high uniform, concentration increase with no directional component. Addition of folic acid causes a gradual and concentration-dependent increase in cell speed. Chemokinetic response of Ax2 wild-type cells to folic acid was an average speed increase of 3.73
µm/min from three trials—on average a 2.4 fold increase. Each wild-type control was run in
parallel with a set of mutant cells on different days. There are some similarities and some differences between these Ax2 trials. The controls are for the most part similar in pattern, though not
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always in value. All control groups had a low average speed after removal of folic acid: 2.26
µm/min, 3.72 µm/min, and 2.50 µm/min respectively (Figures 5, 6 & 7). After re-addition of
folic acid in all cases there was an increase in average speed over a period of several hours that
stabilized at the following final speeds: 7.06 µm/min, 7.18 µm/min, and 5.42 µm/min respectively. The average of these speed differentials is an increase of 3.73 µm/min, an average 2.40
fold increase. It should be noted that for the purposes of this experiment, differences in speed
above +/-1 µm/min will be considered significant. This is a relatively arbitrary measure of significance, but it is appropriate in this context because here we are primarily concerned with indisputably significant changes in speed. There is a slight decrease in speed after folic acid addition in trial shown in Figure 6, but there is no prominent decrease in post-folic acid addition
speed in Figure 6 and Figure 7. Cells in Figure 6 show a slight increase in average speed before folic acid addition that is not seen in other trials, but the change is not significant for these
purposes. All wild-type trials show a gradual increase in speed after folic acid addition that
spans several hours. This gradual speed increase is interesting as it seems to take over an hour
for cells to reach peak speed. This is a very long time-scale relative to events that occur in chemotaxis where the signal transduction events such as activation of PI3 kinase which occurs in seconds after receptor-ligand interaction. Understanding what is occurring over that hour period
will be a focus of future investigations.
The question of what causes the differences in speed and cell behavior even between
wild-type trials that were ran on different days is an important one and is still an active point of
discussion and investigation in the field of cellular biology. The most fundamental hypothesis is
that there are slight differences between the cells from day to day such as concentration when
harvested, temperature, light conditions, etc. This type of biological variability is not unusual.
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The wild-type cells in this project are axenic strain Ax2. It is firstly significant that uniform folic
acid addition results in a measurable speed increase in Ax2 cells. Before the development of this
assay, it was unknown whether cells would show an increase in speed without a chemoattractant
gradient. All three control trials of Ax2 do have significant increases in speed when stimulated
uniformly with folic acid. The experimental conditions will be presented alongside the respective control trial ran in parallel, and this will be the basis of evaluation of the chemokinetic speed
response. However, it is important to recognize that given the fact that mutant and wild-type are
different cell lines and grown separately, the fact that they are run in parallel controls for some
environmental variables, but does not control for variability in cell behavior based on the state of
that batch of cells.

Figure 5: Ax2 Speed FM-/+25 µM Folic Acid 3.27 – 25 µM folic acid added to Ax2 plate at
frame 264. Ax2 wild-type cells increased speed after stimulation by 4.80 µm/min. This Ax2
trial was the control trial run in parallel with mutants PTEN-, pla2-, and plc-.
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Figure 6: Ax2 Speed FM-/+25 µM Folic Acid 4.12 – 25 µM folic acid added at frame 230. Ax2
wild-type cells increased speed after stimulation by 3.46 µm/min. This Ax2 trial was run in parallel with mutants PI3K-, iPLA-, and Gβ-.

Figure 7: Ax2 Speed FM-folate/+25 µM Folic Acid 3.21 – 25 µM folic acid added at frame 180.
Ax2 wild-type cells increased speed after stimulation by 2.92 µm/min. This Ax2 trial was run in
parallel with LY inhibitor.
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Mutants lacking genes that have been shown to be part of the cAMP chemotaxis response
pathway were obtained and tested in our folic acid chemokinesis assay. PTEN is the enzyme
that converts membrane associated PIP3 to PIP2. In previous studies testing cAMP chemotaxis
in PTEN-null cells, there is a measurable reduction in chemotactic speed and directional persistence (Lusche et al., 2014). Baseline PTEN-null speed in FM-folate media before folic acid addition is within 0.04 µm/min of control baseline control speed in FM-folate. PTEN-null cells exhibit a nearly normal chemokinetic response to folic acid stimulation (Figure 8). The response is
a speed increase of 3.8 µm/min, approximately 80% of the wild-type chemokinetic response
(80% of the Ax2 speed increase shown in Figure 5). PTEN-null chemokinetic response shows a
similar trend of gradual speed increase to the control, increasing over a period of approximately
1.66 hours. Therefore, PTEN does not appear to be essential for the chemokinetic response to
folic acid.
Pla2-null cells, with a deletion of the plaA gene, eliminates PLA2 activity as this is the
only gene known to encode this activity. PLA2 is the calcium-regulating lipase triggered by
GPCR-ligand binding that causes free fatty acid production that leads to release of intracellular
calcium from internal stores. Pla2-null cells are known to have low orientation and high persistence and normal speed of movement in cAMP gradients. This means that in a uniform concentration of chemoattractant where directionality is not a factor such as in this experiment, it is anticipated that speed would increase to a degree similar to the wild-type. Pla2-null cells exhibited
a nearly normal chemokinetic response to folic acid (Figure 9). Here, the speed increase was
measured to be an average 5.07 µm/min, which is 0.35 µm/min greater than the Ax2 response in
Figure 5. Baseline pla2-null in FM-folate speed is within 0.08 µm/min of baseline control
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speed. The pla2-null chemokinetic response also shows a similar trend of gradual speed increase
as the control, increasing over a period of approximately 1.66 hours.

Figure 8: PTEN- Speed FM-folate/+25 µM Folic Acid 3.27 – 25 µM folic acid added to PTENnull plate at frame 263. PTEN-null cells increased speed after stimulation by 3.82 µm/min.

Figure 9: Pla2- Speed FM-folate/+25 µM Folic Acid 3.27 – 25 µM folic acid added to pla2-null
plate at frame 262. Pla2-null cells increased speed after stimulation by 5.07 µm/min.
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Phospholipase C knockout mutants (plc-null) lack the protein that converts PIP2 in the
membrane to DAG and IP3. Plc-null cells do not show any decrease in chemotactic motility to
cAMP (Drayer et al., 1994; van Haastert et al., 2007). When tested in the chemokinesis assay,
the plc-null cells showed no response to folic acid at all. Because this is a significant and rather
surprising result, the assay was repeated with this mutant for multiple trials (Figures 10 & 11).
The average speed increase after folic acid addition for plc-null is 0.78 µm/min, an average 1.40
fold increase. Compared to the wild-type controls, this is a significant lack of speed difference
and indicates that PLC is likely an essential component of the chemokinetic signaling pathway,
even though it is not an essential component of the chemotactic signaling pathway.

Figure 10: PLC- Speed FM-folate/+25 µM Folic Acid 3.27 – 25 µM folic acid added to plc-null
plate at frame 261. plc-null cell speed increased after folic acid stimulation an average of 0.35
µm/min.
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Figure 11: PLC- Speed FM-folate/+25 µM Folic Acid 4.12 – 25 µM folic acid added to plc-null
plate at frame 223. plc-null cell speed increased after folic acid stimulation an average of 1.20
µm/min.

PI3K-null cells lack a functional protein kinase to convert PIP2 to PIP3 in the membrane.
PI3K-null cells have a reduced chemotactic response to cAMP at low concentrations, but full
chemotactic responses at high chemoattractant concentrations (van Haastert et al., 2007). Consistent with this background, PI3K-null cells have a chemokinetic response to folic acid, but to a
lesser extent than wild-type cells (Figure 11). Baseline speed of PI3K-null cells is 2.90 µm/min,
which is 0.82 µm/min slower than the wild-type control, and within a 1 µm/min threshold of significance. PI3K-null speed increased by 2.12 µm/min from 2.90 µm/min to 5.02 µm/min a significant chemokinetic response approximately 61% of the speed increase measured in Ax2. Both
PI3K-null mutants and wild-type Ax2 exhibited a slight decrease in average speed after folic acid
addition, and then a gradual speed increase to apparent steady state over the period of approximately 2.66 hours.
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Due to the potentially complicating factors inherent in testing genetic knockouts, chemokinetic response of cells treated with PI3K inhibitor LY294002 was also tested (Figure 12).
Treatment of Ax2 with LY294002 resulted in both a higher baseline speed than the control, at
4.25 µm/min, and a higher post-folic acid addition speed of 9.58 µm/min. This is an average cell
speed increase of 5.33µm/min, 2.41 µm/min faster than the control post-folic acid addition
speed. This is a surprising result because it is different from results in the literature that show
chemotaxis to cAMP is inhibited by treatment with LY294002, and different from the PI3K-null
results in this experiment where chemokinesis was not as robust as in Ax2.

Figure 11: PI3K- Speed FM-folate/+25 µM Folic Acid 4.12 – 25 µM folic acid added to PI3Knull plate at frame 227. PI3K-null cells increased speed after stimulation by 2.12 µm/min.
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Figure 12: Ax2 Speed FM-folate/+25 µM LY/+25 µM Folic Acid 3.21 – Two plates of Ax2 cells,
one plate treated with LY2904002 inhibitor and one untreated control. 25 µM folic acid added at
frame 180. LY treated cells increased speed by 5.33 µm/min.

Figure 13: iplA- Speed FM-folate/+25 µM Folic Acid 4.12 – 25 µM folic acid added to iplA-null
plate at frame 223. iplA-null cells increased speed after stimulation by 5.39 µm/min.

Horan 33
IplA-null cells have genetically eliminated calcium channels on the endoplasmic reticulum that are activated by IP3 binding. This event is downstream of the activation of PLC which
produces cytoplasmic IP3. IplA-null cells typically undergo normal chemotaxis to cAMP but not
to calcium, another chemoattractant (Lusche et al., 2012). In this experiment, iplA-null mutant
speed increased from a significantly lower baseline of 2.45 µm/min to 7.84 µm/min, a robust
chemokinetic response of 5.39µm/min speed increase, greater than that of wild-type Ax2 (Figure 13). The period of speed increase in iplA-null cells was gradual, similarly to Ax2, ranging
across approximately 3.83 hours. Thus, iplA appears not to be required for chemokinesis. This
is particularly interesting since the PLC knockout was completely inhibited for chemokinesis.
PLC generates IP3 (which activates the iplA receptor) and Diacylglyerol (DAG) which activates
PKC.
Because Gβ is a critical component for initiation of GPCR signaling, Gβ-null cells were
not expected to have a chemokinetic response, assuming that folic acid-induced chemokinesis is
indeed dependent on GPCR signal transduction. Consistent with this hypothesis, Gβ-null cells
maintain a significantly lower speed compared to the Ax2 control throughout the entire chemokinesis assay (Figure 13). Baseline average Gβ-null speed was 2.00 µm/min, ~54% of wild-type
pre-folic acid speed. Gβ-null cells increased an average of 0.09 µm/min after folic acid addition.
This differential is not a significant change in speed. There is no decrease in speed after folic
acid addition as observed in the control and in the PI3K-null mutant. Because there is no change
in speed at all, there is no gradual response. Cell lines that responded chemokinetically to folic
acid had gradual changes in average speed, but Gβ-null cells did not have any response whatso-
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ever. The lack of chemokinetic response in Gβ-null cells indicates that the chemokinetic signaling pathway is downstream of the cell surface receptor for folic acid (fAR1) and requires coupling to the heterotrimeric G proteins. Far1-null cells—cells lacking the folic acid surface receptor—also had no chemokinetic response (data not shown).

Figure 14: Gβ - Speed FM-folate/+25µM Folic Acid 4.12 – 25µM folic acid added to Gβ -null
plate at frame 222. Gβ-null cell speed increased after folic acid stimulation an average of
0.09µM/min.
Of the six mutant strains tested, only Gβ-null and plc-null cells had no chemokinetic response at all. Of all six, there is a graded response trend (Figures 15 & 16): pla2-null and iplAnull have full chemokinetic responses measured by speed increases slightly greater than that of
the wild-type controls. PTEN-null and PI3K-null cells have moderate chemokinetic responses
measured by folic acid induced increases in speed that are 80% and 61% of the wild-type speed
increase respectively. Neither plc-null cells nor Gβ-null cells demonstrated a measurably significant speed response to folic acid. A tabulated summary of the results is presented below (Table
1).
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Figure 15: Average Cell Speeds FM-folate/+25µM Folic Acid 3.27 – Displaying mutant strains
PTEN-, PLA-, PLC- against Ax2 control, after 25µM folic acid stimulation.

Figure 16: Average Cell Speeds FM-folate/+25µM Folic Acid 4.12 – Displaying mutant strains
PI3K-, iPLA-, Gβ- against Ax2 control, after 25µM folic acid stimulation.
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Table 1: Average Cell Speeds in FM-folate/Fol+25µM
Cell Type (trial Average initial
Average Speed
date)
speed in FM-folate +25uM Folate
(µm/min)
(µm/min)

Average Speed dif- Fold Speed Increase
ferential (µm/min)

Ax2 (3.21)

2.50

5.42

+2.92

2.17

Ax2
+LY294002
(3.21)

4.25

9.58

+5.33

2.25

Ax2 (3.27)

2.26

7.06

+4.80

3.12

PTEN- (3.27)

2.30

6.12

+3.82

2.66

pla2- (3.27)

2.34

7.41

+5.07

3.17

plc- (3.27)

2.85

3.20

+0.35

1.12

plc- (4.12)

1.74

2.94

+1.20

1.69

Ax2 (4.12)

3.72

7.18

+3.46

1.93

PI3K- (4.12)

2.90

5.02

+2.12

1.73

iplA- (4.12)

2.45

7.84

+5.39

3.2

Gβ- (4.12)

2.00

2.09

+0.09

1.05
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DISCUSSION
The starting point of this project is the following question: which components of the
cAMP chemotaxis signaling pathway are also involved in the chemokinetic response to folic
acid? By testing genetic knockouts of various components of the GPCR signaling pathway
known to be important for chemotactic behavior, we can begin to understand which parts of this
pathway are also involved in regulation of cell speed increase when stimulated with a chemoattractant.
Of the six mutants tested, pla2-null and iplA-null are the two mutant strains that demonstrated full chemokinetic responses to folic acid when compared to Ax2. Both genes are involved in calcium signaling. PlaA is the gene that codes for PLA2, the Ca2+ dependent phospholipase that cleaves membrane phospholipids into second messenger free fatty acids that stimulate
intracellular calcium release. It is somewhat surprising that pla2-null cells have an uninhibited
speed response, because it is known that in cAMP gradients, pla2-null cells show low persistence
but high directionality (Bosgraaf & Van Haastert, 2009). Here we see that in uniform folic acid
where directionality should not be a factor, cell speed increase is unaffected. This could indicate
that either cAMP and folic acid pathways differ in this regard, or calcium signaling as a result of
PLA2 activity is not essential to the speed increase caused by folic acid stimulation.
IP3, the product of PLC activity also stimulates intracellular calcium release from the endoplasmic reticulum via binding to IP3 receptors that open calcium channels in the endoplasmic
reticulum, encoded by the iplA gene. Results from the chemokinesis assay show that if either
one of the two calcium regulating proteins (IP3 receptors and PLA2) are knocked out, the resulting phenotypes show only slight inhibition of chemokinesis. This could be because the signals
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that give rise to intracellular calcium increase associated with the cellular response to chemoattractant has enough upstream redundancy to persist even if one or the other calcium-increasing
factor, is not functional. If PLA2 activity is inhibited, PLC-regulated IP3 signaling and calcium
release from the ER is still intact. When IP3 signaling is disrupted, as in iplA-null cells, PLA2
activity is still functional and able to cause release of calcium from acidosomes. Chemotactic
response of cells to cAMP has been tested in the past with various knockouts and chemical inhibitors combined to inhibit multiple parts of the signaling pathway (van Haastert et al., 2007). In
the condition of both IP3 receptor and PLA2 inhibition, chemotactic response to a source of 50
nM cAMP was ~40% of the wild-type response, and almost 100% of the wild-type response to
1000 nM cAMP (van Haastert et al., 2007). Future investigations of how essential these calcium-regulating mechanisms are for chemotactic and chemokinetic behaviors could include similar dual-inhibition assays.
PTEN-null and PI3K-null cells both had chemokinetic responses that were significant,
but not 100% of the wild-type response. These enzymes both affect PIP3 levels which is believed to be important for the directional aspect of chemotactic behavior: PI3K phosphorylates
PIP2 to produce PIP3 and PTEN catalyzes the reverse reaction. Both are a part of the PI3K pathway (as opposed to the parallel PLA2 pathway). PTEN inactivation would likely result in PIP3
accumulation in the membrane, decreased PIP2, and decreased PLC activity. The parallel nature
of the PI3K and PLA2 pathways is one likely explanation for why chemokinetic response is not
completely absent in PTEN-null cells, as demonstrated is the case for chemotaxis to cAMP (van
Haastert et al., 2007). When PI3K activity is inhibited, it is likely that PIP2 concentrates in the
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membrane with PTEN, and downstream effects of concentrated PIP3 in the membrane are diminished, such as actin polymerization, association with the membrane, and pseudopod formation.
Blebbing, however, is associated with PIP2 concentration in the membrane which recruits myosin II. This is associated with bleb formation, so inhibiting PIP3 formation via PI3K inhibition or
knockout may inhibit the formation of pseudopods, but may in fact promote blebbing which
could be the primary mode of speed increase in this context. A closer look at pseudopod versus
bleb formation in these mutants compared to wild-type cells would be an important first step to
answering this question. Additionally, due to the parallel nature of the signaling pathways, a disturbance in the PI3K pathway could be compensated for by upregulation of the PLA2 pathway
which could partially explain why the chemokinetic response is not completely inhibited.
In previous studies, inhibition of PI3K by 50 µm LY2904002 had been shown to inhibit
chemotactic response to moderate cAMP simulation in wild-type cells, but 50 µm LY2904002
inhibition of Ax2 in this project did not inhibit a chemokinetic response to folic acid (van
Haastert et al., 2007). In fact, in the chemokinesis assay, treatment with LY2904002 resulted in
an increased unstimulated speed—1.75 µm/min higher than untreated cells—and a reproducible,
larger increase in speed after addition of folic acid compared to the wild-type control condition
(Figure 12). The wild-type control cells had a 2.17 fold speed increase, and cells treated with
LY inhibitor had a 2.25 fold speed increase. Both the LY inhibited Ax2 and the PI3K-null mutant showed chemokinetic speed increases, but the genetic knockout increased speed only 1.73
fold, a shallower increase than the LY-treated cells. There are many possible reasons for this difference. Chemical inhibitors have an affinity for their target, and though in this case it is not
well known the extent to which LY inhibits PI3K, it is likely that it is not complete inhibition.
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There also may be other effects of the drug that are unknown that cause upregulation of other
speed-increasing mechanisms. Similarly, mutant cells that have undergone genetic changes can,
over time of growth, reach a new equilibrium of components and perhaps compensate for the
loss of function. This means that, though these assays are an important first step in understanding chemokinesis and cell speed regulation, they are not simple. Manipulation of biological systems and interpretation of the results must be done carefully, and data should be evaluated knowing that the methods of creating experimental conditions cannot be assumed to be perfect.
Both PLC-null cells and Gβ-null cells had no measurable chemokinetic response to folic
acid. Because active PLC degrades PIP2 in the membrane, genetically silenced PLC leads to an
accumulation of PIP2 in the membrane and therefore also an accumulation of PIP2-associated
PTEN, preventing the cell from being able to increase PIP3 concentrations at that segment of
membrane (Drayer et al., 1994). The previous discussion of possible blebbing upregulation in
PI3K-null mutants is again relevant, because increased PIP2 in the membrane as an effect of
eliminated PLC activity could be hypothesized to increase blebbing, and thus speed, but the plcnull data argues against this hypothesis. Both PLC and PI3K mutants are expected to have an
increase in PIP2 concentration in the membrane due to the decreased activity of enzymes that alter PIP2: PI3K converts PIP2 to PIP3, and PLC breaks down PIP2 into IP3 and DAG. If an increase in membrane PIP2 concentration that upregulates bleb formation is accepted as the explanation of speed increase in PI3K-null mutants, then a similar speed increase should be anticipated in plc-null cells as well. If a genetic PLC knockout is unable to increase speed in response
to folic acid, then there may also be a component of PLC-regulated process essential for speed
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regulation that is not compensable by other pathways, such as DAG/PKC-downstream signaling.
This result suggests that DAG signaling through PKC is likely a downstream event required for
chemokinesis. This assay should be run with a PKC-null mutant in the future to farther investigate this pathway. Both plc-null cells and cells treated with chemical PLC inhibitors do not have
decreased chemotactic activity (Drayer et al., 1994; van Haastert et al., 2007). This also indicates that, because PLC is essential for chemokinesis but not chemotaxis, that the chemokinetic
speed-increase pathway is overlapping but distinct from the chemotactic signaling pathway.
That Gβ-null cells do not have any chemokinetic response to folic acid is both anticipated
and indicative that the speed-regulating pathway is indeed dependent on functional GPCR signaling. Without the functional Gβ-protein subunit, folic acid binding to the fAR1 receptor cannot
activate downstream signaling pathways. This is important to understand and confirm because it
indicates that the assumption that chemotaxis and chemokinesis are regulated by the same or
similar signaling pathways, beginning with GPCR binding and Gβ subunit activation of downstream effectors. This evidence allows for more confidence in the research strategy of looking to
components of known intracellular chemotaxis events to better understand chemokinesis and
regulation of cell speed.
Future directions for this project include a more focused investigation into the role of
PLC in regulating the PIP3/PIP2/DAG nexus in the membrane. This will involve testing the
PKC mutant for chemotaxis and chemokinesis. These chemokinesis assays should also be run
with cAMP for verification that the folic acid and cAMP pathways function in the same ways
and that the same signaling components are relevant. It should not be fully assumed that results
obtained using folic acid as the chemoattractant will be identical to cell behavior in response to
cAMP. Additionally, and as previously mentioned, assays using mutant cell lines are difficult to
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fully control, as cells may compensate for the genetic modification in ways that could present researchers with confounding variables and lead to mistaken conclusions. For this reason, it would
be beneficial to test all mutants with parallel inhibitors, but chemical inhibitors do not exist for
all the proteins tested in this project. In summary, the results of this investigation show that the
signal transduction pathway associated with chemokinesis in response to folic acid is overlapping but distinct from the known chemotaxis pathways.
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